Selective laser melting of aluminum die-cast alloy-Correlations between process parameters, solidification conditions, and resulting mechanical properties J. Laser Appl. 27, S29205 (2015) In situ laser-based resonant ultrasound spectroscopy is used to characterize the development of a recrystallized microstructure in a high purity copper sample. The modal shapes, used for mode identification, of several resonant modes are determined before and after annealing by raster scanning the laser interferometric probe. This information is used to isolate the motion of individual modes during high temperature annealing. The evolution of a particular mode during annealing is examined in detail. During recrystallization, the center frequency of this mode shifts by approximately 20% of the original value. Using electron backscatter data it is shown that the majority of this shift is due to changes in the polycrystal average elastic stiffness tensor, driven by changes in texture, and that changes in dislocation density and pinning length are secondary influences.
I. INTRODUCTION
Resonant ultrasound spectroscopy ͑RUS͒ is an effective tool to measure mechanical properties of materials.
1- 4 The resonant response, as determined by the elastic constants and ultrasonic dissipation, has been shown to be a strong function of the microstructural state of the material. Much of the previous work in this area has focused on relating changes in the resonant response to changes in dislocation density and pinning length. This approach 5, 6 involves dividing the modulus into a purely elastic modulus and a dislocation modulus. Because an ultrasonic wave transfers energy to a dislocation by causing it to oscillate, the dislocation modulus is necessarily complex with the real part associated with changes in acoustic velocity and the imaginary part associated with changes in ultrasonic attenuation. The work of Thompson and Holmes 7 provides one of the first examples of using RUS to monitor in situ changes in mechanical properties. Their results, involving high purity copper samples exposed to neutron radiation, showed a marked increase in Young's modulus and a decrease in attenuation with increasing radiation dose. Using the oscillating-dislocation-line model of Granato and Lucke 8, 9 to interpret their results, they showed that the change in modulus and attenuation could be related to dislocation pinning by radiation-induced defects. Many other studies [10] [11] [12] [13] have confirmed the basic elements of this explanation; however, wide disagreement between experimental results has precluded specification of the type and size of the defect responsible for pinning. At the time of these studies this limitation was likely due to uncertainty in the initial and final state of the microstructure. 14 A related area of investigation involves monitoring mechanical property evolution driven by changes in temperature. 4, [15] [16] [17] [18] [19] This approach is necessarily more complicated than isothermal irradiation studies in that it can also entail changes in grain texture. For investigations involving the annealing of heavily cold worked metals, many research groups have noted a step change in the elastic modulus and an irreversible peak in ultrasonic attenuation ͑internal friction͒ as a function of increasing temperature. There is still much debate over the mechanism responsible for these changes in the resonant spectrum. 15 For high purity copper ͑Cu͒ it is thought that dislocations play a key role. 16 Gondi and Tognato 17 proposed a mechanism governed by dislocation climb. Subsequent work by Akhmadeev et al. 18 involving the recrystallization of samples subjected to equal channel angular extrusion demonstrated that the temperature at which the internal friction peak occurs is independent of frequency. This result is inconsistent with the dislocation climb framework. More recently, Lee and Okuda 19 have measured the internal friction and dynamic modulus of copper samples using a resonant flexural vibration technique. Utilizing x-ray characterization, they noted the important influence of texture on the change in dynamic modulus. Indeed, recrystallization can involve pronounced changes in texture in addition to changes in dislocation density and pinning length. For polycrystalline materials that have large single crystal elastic anisotropy, texture and texture evolution can have a significant influence on the resonant spectrum. 20 In this study we use laser-based resonant ultrasound spectroscopy ͑LRUS͒ [21] [22] [23] in combination with electron backscatter diffraction ͑EBD͒ to gauge the influence of texture evolution on the resonant spectrum of a deformed polycrystalline Cu sample during high temperature annealing. A pulsed laser is used to locally excite a broad spectrum of resonant modes. A laser interferometer is raster scanned once prior to annealing and once after annealing to form an image of each resonant mode in the rolled and annealed states. This information, used for mode identification, enables unambiguous tracking of individual modes during high temperature annealing. Utilizing a theory that connects mode shape to the polycrystal average elastic stiffness tensor ͑de-rived from EBD data͒, it is demonstrated that this approach has the potential to differentiate dislocation and texture driven changes in the elastic modulus.
II. EXPERIMENT
The experimental setup used for ultrasonic generation and detection is shown in the top pane of Fig. 1 . Broadband resonant ultrasonic modes are thermoelastically excited in a sample using a frequency doubled, pulsed neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ laser operating at 532 nm and a pulse duration of 10 ns. A photorefractive interferometer is used to detect ultrasound by demodulating changes in optical phases associated with out-of-plane surface motion. Aspects of the interferometer are described in detail by Ing and Monchalin, 24 Pouet et al., 25 and Lafond et al. 26 The interferometer is comprised of a 1064 nm cw laser split into reference and signal beams which recombine and interfere in a gallium arsenide ͑GaAs͒ crystal. 27 The samples investigated consist of high purity ͑5N͒ Cu parallelepipeds with nominal dimensions 5.4ϫ 3.4 ϫ 0.54 mm. A textured microstructure was imparted by rolling a fully annealed sample. A 97.5% reduction was produced by rolling the material many times. Upon annealing, a strong texture develops that is almost completely cubically aligned. 28 The bottom pane of Fig. 1 shows the electron backscatter micrographs of the rolled and annealed microstructures. It is noted that the cube texture ͑red in the micrographs͒ is a finite but very small part of the rolled texture; 29 however, the dominate grain orientation of the rolled and recrystallized microstructures are very different. Thus, because single crystal Cu is highly elastically anisotropic, texture evolution upon annealing provides an excellent test case to investigate the influence of texture evolution on the resonant spectrum.
The generation beam strikes the sample at one corner of a 5.4ϫ 3.4 mm face, and the detection beam measures the response from the opposed polished face. For investigations conducted before and after annealing, the mode shapes of the individual modes are formed by raster scanning the probe beam across the rectangular sample surface. For each probe position, the temporal waveform of the resonant ring down was averaged 100 times ͑see inset in top pane of Fig. 1͒ . The response was measured on a grid of 375 points, with the step between points being approximately 220 m. For in situ investigations during annealing, the generation and detection laser beams irradiate opposite sides of the sample which resides inside a tube furnace. In order to monitor relatively fast changes in microstructure during annealing ͑approximately 30 s intervals͒ the probe beam is not raster scanned. To prevent oxidation, the furnace is fitted with optical windows and purged with nitrogen gas ͑Fig. 1͒.
III. RESULTS AND DISCUSSION
The resonant spectrum corresponding to the rolled sample is shown in Fig. 2 . Experimentally measured and predicted mode shapes are shown in the inset. The experimental mode shapes are constructed by first scanning the probe beam to acquire a 375-point array of out-of-plane displacement waveforms. The frequency domain response is obtained by taking the Fourier transform of each displacement waveform. For a resonant mode of interest, the data are then windowed in the frequency domain and the amplitude and phase are recorded. This process enables the creation of contour plots of the out-of-plane surface motion ͑i.e., mode shape͒. The predicted mode shapes were obtained using the XYZ algorithm of Visscher et al. 2 The macroscopic elastic constants used as input were obtained by forming a polycrystal average elastic stiffness tensor using the Voigt-ReussHill formalism and EBD data. 30, 31, 23 The EBD data consist of a set of Euler angles that define the crystallographic orientation of each pixel. Because the scanned area is much larger 
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than the average grain size, the EBD data are representative of the overall microstructure. 32 A false color map of the grain orientations is shown in the bottom pane of Fig. 1 . The polycrystal stiffness ͑Voigt͒ and compliance ͑Reuss͒ tensors are formed by rotating the single crystal stiffness and compliance tensors for each orientation. The resulting tensors are averaged. The Voigt-Reuss-Hill stiffness tensor is obtained by taking a geometric average of the Voigt and Reuss stiffness tensors.
In Fig. 2 , a dashed line connects the predicted mode location ͑open circles͒ to the measured mode position. The same analysis was performed after the sample was annealed. The measured and predicted mode locations for the rolled and annealed states are tabulated in Table I . For the rolled sample 27 modes were identified and the average difference between theory and experiment was less than 1.5%. For the annealed sample 29 modes were identified and the average difference between theory and experiment was less than 2.7%. The close agreement between experiment and prediction confirms that the EBD data are representative of the bulk microstructure and confirm the validity of the averaging routine used to obtain the polycrystal elastic stiffness tensor. Table I reveals that some modes shift a considerable fraction of their original center frequency. Because copper has a large single crystal elastic anisotropy, the polycrystal elastic properties change dramatically as the microstructure transforms from a rolled texture to a recrystallized texture.
The texture evolution can also be examined by considering the elastic anisotropy derived from the average elastic stiffness tensor. The averaged elastic stiffness tensors for the rolled and annealed states, given in the Appendix, have essentially the same form as a single crystal material having cubic symmetry. Averaging these values ͓i.e., ͑C 11 domly aligned crystallites will exhibit isotropic behavior, A = 1.0. Conversely, a copper sample with perfectly aligned crystallites will exhibit single crystal behavior, A = 3.2. 34 The large value of A associated with the recrystallized sample gives a clear indication of the degree of crystallite alignment. Moreover, the large change in A illustrates the dramatic difference between the rolled and annealed textures.
The in situ study involved tracking changes in the RUS spectrum during high temperature processing. For this study the data were taken corresponding to a single predetermined probe position. It is important to note that during the heating and cooling cycles, neighboring modes can intersect in frequency space, increase or decrease in frequency, and attenuate below detectable limits for some portion of the cycle. Thus the question arises, is a single mode tracked or does the tracking process at times follow one or more adjacent modes? One indication that a single mode is tracked is that the mode location is a smooth function of temperature. In addition, because the mode shapes are relatively insensitive to changes in the elastic properties that occur during annealing, 35 the mode shapes before and after annealing can be used to further support that a single mode was tracked throughout the entire cycle. The in situ mode position for a single mode is shown in Fig. 3 . The mode position in frequency space slowly decreases with increasing temperature and then exhibits a rapid and irreversible decrease at approximately 200°C. Above this transition the mode location continues to decrease in frequency and then upon cooling the mode location increases in frequency. The temperature ͑ϳ200°C͒ at which the mode location suddenly changes corresponds to the recrystallization temperature.
In situ tracking of an isolated mode is complicated for the current case because the experimental mode image at the beginning of the cycle is notably asymmetric. The reason for the asymmetry is that the experimental image is a combination of two closely spaced modes. Experimentally, these two modes cannot be isolated; however, the predicted mode shapes can be combined to form a composite mode. The predicted mode shapes for the modes in question are shown in Figs. 4͑a͒ and 4͑b͒. The composite mode, shown in Fig.  4͑c͒ , is obtained by taking the sum of these modes with equal weighting. The experimentally measured mode is shown in Fig. 4͑d͒ for comparison. During the heating cycle, the two closely spaced modes split in frequency and a single mode is tracked for the remainder of the cycle. The experimental mode shape after the heating cycle ͑lower contour plot in Fig. 3͒ clearly illustrates that a single mode from the original mode pair was tracked. 36 Also shown in Fig. 3 is the predicted mode frequency obtained from the EBD data before and after annealing, 178.937 kHz and 145.992 kHz respectively. It is important to note that this large shift in predicted frequency is driven solely by a change in texture. In addition, the predicted frequency shift is comparable to the experimentally measured shift. Thus, for the current case involving the development of a cube texture in heavily deformed Cu, texture driven changes in the elastic character dominate the shift in mode frequency. Dislocation density and pinning length are secondary influences. This analysis illustrates the potential of using EBD data to isolate the influence of texture from that of dislocations.
IV. CONCLUSION
In situ LRUS was used to monitor microstructure mediated mechanical property evolution in a highly deformed Cu sample during recrystallization. Resonant mode shapes, determined by raster scanning the interferometric probe before and after annealing, were used to help identify individual modes during high temperature annealing. A detailed discussion of the evolution of a particular mode during annealing was presented. This mode exhibited a shift in center frequency of approximately 20% of the original value. Using electron backscatter data, it is shown that the majority of this shift is due to changes in texture. Changes in dislocation density and pinning length that occur during annealing are secondary influences. This case exemplifies the capability of LRUS to monitor changes in mechanical properties during high temperature processing. 
APPENDIX: COPPER POLYCRYSTAL AVERAGE ELASTIC STIFFNESS MATRICES
The elastic constants for single crystal copper are taken as Ĉ 11 
